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We calculate the rate of the rare decay 11Be into 10Be + p + e− + ν¯e using Halo effective field
theory, thereby describing the process of beta delayed proton emission. We assume a shallow
1/2+ resonance in the 10Be−p system with an energy and width consistent with a recent exper-
iment. Taking into account contributions from both Fermi and Gamow-Teller decay, we obtain
bp = 2.9
+11.1
−2.5 (exp.)
+4.4
−0.1(theo.) × 10−5 for the branching ratio of this decay, which compares well
with the measured branching ratio bp = 1.3(3) × 10−5. Our results show that the experimental
measurements of branching ratio and resonance parameters are consistent with each other. We
demonstrate that a wide range of combinations of resonance energies and widths as well as a large
negative scattering length can reproduce the measured branching ratio. Thus no exotic mechanism
(such as beyond the standard model physics) is needed to explain the experimental decay rate.
Introduction. Halo nuclei display a large separa-
tion of scales between a few loosely bound halo nucle-
ons and a tighly bound core [1–4]. The emergence of the
halo degrees of freedom is a fascinating aspect of nuclei
away from the valley of stability. It can be considered a
consequence of the quantum tunneling of halo neutrons
out of the core potential to the classically forbidden re-
gion. This separation of scales can be used to treat these
systems using an effective field theory (EFT) approach
called Halo EFT [5–7]. Common to all EFTs is that
observables are described in a systematic low-energy ex-
pansion and that the accuracy of a calculation can be
systematically improved. Halo EFT has been applied to
a number of observables, including electromagnetic cap-
ture reactions and photo dissociation processes [8–14].
Here we will consider, for the first time, the weak de-
cay of the valence neutron of the halo nucleus 11Be into
the continuum, 11Be → 10Be + p + e− + νe, within this
framework. Riisager et al. [15] measured the branching
ratio for this decay process as bp = 8.3(9) × 10−6. This
is four orders of magnitude larger than the cluster model
prediction by Baye and Tursunov [16]. The large dis-
agreement between theory and experiment led Pfu¨tzner
and Riisager [17] to suggest that β-delayed proton emis-
sion in 11Be is also a possible pathway to detect a dark
matter decay mode as proposed by Fornal and Grinstein
[18]. More recently, this branching ratio was remeasured
by Ayyad et al. [19] as bp = 1.3(3) × 10−5, similar in
size to the previous measurement. They also presented
evidence for a low-lying resonance in 11B with resonance
energy ER = 196(20) keV and width ΓR = 12(5) keV.
Using these parameters, the authors calculated the de-
cay rate in a Woods-Saxon model and assumed a pure
Gamow-Teller transition. They obtained bp = 8 × 10−6,
which has the correct order of magnitude.
The ground state of 11Be is a well-understood S-wave
halo nucleus. From the ratio of the one-neutron sepa-
ration energy of 11Be and the excitation energy of the
10Be core, one can extract the expansion parameter for
a description with the core and valence neutron as ef-
fective degrees of freedom, Rcore/Rhalo ≈ 0.4 [8]. Here
Rcore and Rhalo are the length scales of the core and
halo, respectively. One might assume that it is always
the valence neutron that β-decays into a proton in this
framework. Therefore, one would naively expect the nu-
cleus to emit this proton due to the repulsive Coulomb
interaction: 11Be → 10Be + p + e− + νe . This pro-
cess, called β-delayed proton emission, has well-defined
experimental signatures. However, it is also known that
short-distance mechanisms such as the decay into excited
states of 11B (that are beyond the halo interpretation)
dominate the total decay rate. It is therefore interesting
to consider β-delayed proton emission from 11Be in Halo
EFT to provide a value for the decay rate with a robust
uncertainty estimate.
Halo EFT is perfectly suited for the theoretical de-
scription of low-energy processes such as β-delayed pro-
ton emission from halo nuclei. It uses the appropriate
degrees of freedom and parametrizes the decay observ-
ables in terms of a few measurable parameters. Kong and
Ravndal [20] used the related framework of pionless EFT
to successfully describe the inverse process of pp-fusion
into a deuteron and leptons. The β-delayed proton emis-
sion from 11Be was previously calculated in Ref. [16], but
here we will use new experimental input parameters and
put additional emphasis on the uncertainties associated
with using effective degrees of freedom. Specifically, we
will show that based on the measured branching ratio,
a low-lying resonance is the likely reason for the large
partial decay rate. Furthermore, in 11B, we explore the
impact of the resonance energy and width on the decay
rate and show that the recent results for the resonance
energy and width of a low-lying resonance are consistent
with the experimentally measured branching ratio if both
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2Gamow-Teller and Fermi transitions are included.
We start by summarizing the concepts of Halo EFT for
S-wave halo nuclei. We discuss the calculation of decay
rates with and without strong final state interactions and
then display our results. We conclude with a summary.
Theoretical foundations. The Halo EFT La-
grangian L for 11Be up to next-to-leading order can be
written as L = L0 +Lσ, where L0 is the free Lagrangian
of the 10Be core and the neutron,
L0 = c†
(
i∂t +
∇2
2mc
)
c+ n†
(
i∂t +
∇2
2mn
)
n , (1)
with c and n the core and neutron fields, respectively.
The masses of core and neutron are denoted by mc and
mn. The S-wave core-neutron interaction is described by
Lσ, which reads
Lσ = σ†
[
η
(
i∂t +
∇2
2Mnc
)
+ ∆
]
σ
− g [c†n†σ + H.c.] , (2)
where σ is a spinor field, with spin indices suppressed,
that represents the JP = 1/2+ ground state of 11Be and
Mnc = mn +mc.
The renormalization of the low-energy constants has
been discussed in Ref. [8]. Here, we will briefly summa-
rize the relevant results to define our notation. Due to
the non-perturbative nature of the interaction, we need
to resum the self-energy diagrams to all orders. After
matching the low-energy constants in Eq. (2) to the ef-
fective range expansion, we obtain the dressed propagator
Dσ(P0,P) =
2pi
mRg2
[
1
a0
− r0mRE˜ −
√
−2mRE˜
]−1
(3)
where E˜ = P0−P2/(2Mnc)+i, mR is the reduced mass,
and a0, r0 are the S-wave
10Be−n scattering length and
effective range, respectively. The full two-body T-matrix
in the center-of-mass of the neutron-core system reads
T0(k) = g
2Dσ
(
k2
2mR
,0
)
=
2pi
mR
[
1
a0
− r0
2
k2 + ik
]−1
,
(4)
The Z-factor required to calculate physical observables
is given by the residue of the propagator at the bound
state pole in Eq. (3), Z = 2piγ0
m2Rg
2 (1 − r0γ0)−1 , with
γ0 = (1−
√
1− 2r0/a0)/r0 ≡
√
2mRSn the binding mo-
mentum of the S-wave halo state, and Sn the one-neutron
separation energy of the halo nucleus.
In order to investigate β-delayed proton emission from
11Be, we include the weak interaction current allowing
transitions of a neutron into a proton, electron and an-
tineutrino. The corresponding Lagrangian is given by
Lweak = −GF√
2
lµ−J
+
µ , (5)
where lµ− and J
+
µ denote the leptonic and hadronic cur-
rents, respectively. They read
lµ− = u¯eγ
µ(1− γ5)vν¯ , (6)
J+µ = V
+
µ −A+µ = (V 1µ −A1µ) + i(V 2µ −A2µ) . (7)
Here the hadronic current is decomposed into vector and
axial-vector contributions. At leading order, we consider
the operators
V a0 = N
† τ
a
2
N , Aak = gAN
† τ
a
2
σkN , (8)
where |gA| ' 1.27 is the ratio of the axial-vector to vec-
tor coupling constants [21]. Terms with more derivatives
and/or more fields (many-body currents) will appear at
higher orders. The first and second term give the conven-
tional Fermi and Gamow-Teller operators, respectively.
Weak matrix element and decay rate. We ignore
recoil effects in the β-decay and take both the Gamow-
Teller and Fermi transitions into account. After lepton
sums, spin averaging, and partial phase space integration,
we obtain the decay rate
Γ =
G2F (1 + 3g
2
A)
4pi5
∫
dp
∫
dpep
2p2e(E0 − E − Ee)2
× Fe(ηpe , Ee) |A(p)|2 Θ(E0 − E − Ee) , (9)
where A is the reduced hadronic amplitude for Gamow-
Teller and Fermi transitions whose operator coefficients
have been factored out, Fe(ηpe , Ee) is the Fermi function,
and Θ is the Heaviside step function.
In Eq. (9), p is the relative momentum of the outgoing
proton and core, while E = p2/(2mR) is their kinetic
energy. Moreover, E0 = ∆m − Sn, where ∆m = 1.29
MeV is the mass difference between neutron and proton,
and Ee =
√
m2e + p
2
e is the energy of the electron.
The amplitude for the charge changing weak transition
of a two-body system illustrated in the upper panel of
Fig. 1 was first calculated in pionless EFT by Kong and
Ravndal [20].
The amplitude can be written as [22]
AC(p) = g
√
ZC(ηp)e
iσ0
2mR
p2 + γ20
e2ηp arctan(|p|/γ0) , (10)
where σ0 is the Coulomb phase and C
2(ηp) =
2piηp/(e
2piηp − 1) is the Sommerfeld factor. In the
10Be − p system, the Sommerfeld parameter is ηp =
αZpZcmR/|p|, with Zp = 1, Zc = 4, and α = 1/137
the fine structure constant.
Hadronic contribution with final state interac-
tions. The amplitude (10) includes only the final state
interaction from the exchange of Coulomb photons. We
now consider strong final state interactions whose signa-
ture is either a low-lying resonance or a large negative
scattering length in the 10Be − p channel. This contri-
bution is shown as the lower panel of Fig. 1 where the
3c
n
p
c
n
p
Figure 1. Top: Feynman diagram for the weak decay of a
one-neutron halo nucleus into the corresponding core and a
proton with Coulomb final state interactions only. Bottom:
Contribution of strong final state interactions. The thin dou-
ble line in the middle denotes the dressed 10Be−p propagator.
The shaded ellipse denotes the Coulomb Green’s function.
second thin double line together with the shaded ellipses
that represent Coulomb Green’s functions combine to the
strong scattering amplitude TCS given either in Eq. (12)
or (17) [20, 23].
We start with the case of a resonance. To include fi-
nal state interactions, we introduce a Lagrangian with
additional terms
Lfsi =χ†
[
η′
(
i∂t +
∇2
2Mpc
)
+ ∆′
]
χ
+ p†
(
i∂t +
∇2
2mp
)
p− g′ [c†p†χ+ H.c.] , (11)
where c, p and χ are the core, proton and 11B dimeron
fields, respectively. The Coulomb part of L is not explic-
itly shown while the free core term is given in Eq. (1).
This Lagrangian leads to the strong scattering amplitude
modified by Coulomb corrections [23]
TCS =
−4pi/mR(
rC − 13kC
)
(p2 − k2R) + p
2
3kC
− 4kCH(ηp)
, (12)
where H(ηp) = Re[ψ(1 + iηp)]− ln ηp + i2ηpC2(ηp) , with
the digamma function ψ(z). The parameters in Eq. (12)
are related to the resonance parameters
− 1
aC
= −
(
rC − 1
3kC
)
k2R
2
, (13)
rC = − 4pikC
mRΓR
1
e2pikc/kR − 1 +
1
3kC
, (14)
where aC and rC are the Coulomb modified scattering
length and effective range, respectively. The resonance
energy ER is related to the resonance momentum kR
Figure 2. Differential decay rate dΓ/dE for β-delayed proton
emission from 11Be as a function of the final-state particle
energy E. The dash-dotted line shows our EFT result while
the solid line gives the result obtained by Baye and Tursunov
[16]. The dotted line shows the case of a resonance in the
outgoing channel with the resonance parameters from [19],
while the short-dashed line shows the case of a virtual state
with the same total strength. The colored bands give the
EFT uncertainty.
through ER =
k2R
2mR
, and ΓR denotes the width of the
resonance on the pole.
The diagram at the bottom of Fig. 1 leads to
ACS =
√
Zg4m2RC(ηp)e
iσ0ITCS , (15)
where
I =
∫
d3q
(2pi)3
C2(ηq)e
2ηq arctan(|q|/γ0)
q2 + γ20
1
p2 − q2 + i (16)
is a convergent, complex-valued integral.
The total amplitude A is the sum of the amplitude
with and without resonance A = AC +ACS .
For the case of a large negative scattering length in the
10Be− p system, we use in Eq. (15)
TCS = − 2pi
mR
[
1
−1/aC − 2kCH(ηp)
]
. (17)
Decay without final state interactions. The
one-neutron separation energy of 11Be is Sn =
0.5016 MeV [24]. Moreover, we use r0 = 2.7 fm de-
termined in Ref. [8] from the measured B(E1) strength
for Coulomb dissociation of 11Be. In Fig. 2, we plot the
differential decay rate dΓ/dE as a function of the kinetic
energy E of the outgoing hadrons. The solid line gives
the result obtained by Baye and Tursunov [16]. The
dash-dotted line shows the EFT result with an uncer-
tainty band obtained by adding an uncertainty of order
Rcore/Rhalo ≈ 40 % from higher order corrections.
For the decay rate, we obtain Γ = (8.1±3.3)×10−10 s−1
where the EFT uncertainty is again estimated to be of
the order of 40 %. Correspondingly, we obtain for the
branching ratio bp = Γ/Γtotal = (1.62 ± 0.65) × 10−8.
4Figure 3. Partial decay rate for β-delayed proton emission
from 11Be as a function of the width of a 10Be−p resonance
at ER = 196(20) keV. Explanation of curves is given in inset.
Baye and Tursunov obtain Γ = 1.5 × 10−9s−1 for the
partial decay rate, which differs by a factor of 2 from
our result. We note, however, that Baye and Tursunov
used a Woods-Saxon potential with Coulomb interactions
tuned to reproduce 11B properties in the final state. Both
theoretical results are significantly smaller than the ex-
perimental results reported in Refs. [25, 26].
Final state interactions. In Fig. 3 we show our re-
sults for the decay rate as a function of the resonance
width when we use the experimentally measured reso-
nance energy ER = 196(20) keV [19]. The black line
gives the decay rate obtained with the central value of
resonance energy while the dark red envelope gives the
uncertainty due to the experimental uncertainty. The
light red envelope includes the theoretical uncertainty of
40%. The horizontal blue dashed line denotes the result
of the model calculation carried out in Ref. [19]. We find
that the low-lying resonance measured in Ref. [19] with
ER = 196(20) keV and width ΓR = 12(5) keV is consis-
tent with the experimentally measured branching ratio
as indicated by the overlap of the square and the red
shaded band.
In Fig. 4, we show the results for the decay rate
as a function of resonance energy and width. Differ-
ent lines represent different constant partial decay rates
Γ(ER,ΓR). The shaded band shows the combination of
resonance energies and widths that give a decay rate
consistent with experiment [19]. Using the half-life for
11Be given in Ref. [24] we convert the Halo EFT re-
sult into the final result for the branching ratio bp =
2.9+11.1−2.5 (exp.)
+4.4
−0.1(theo.)× 10−5.
We finally note that a large negative 10Be−p scatter-
ing length of aC = −92.1+3.9−3.5 fm can also reproduce the
experimentally measured branching ratio.
Conclusion. In this paper, we considered β-delayed
proton emission from 11Be. We compared the case of
no strong final state interactions with the case of either
a resonance or a virtual state in the final 10Be−p chan-
Figure 4. Contour plot of the partial decay rate Γ(ER,ΓR)
for β-delayed proton emission from 11Be under the assump-
tion of a low-lying resonance in the 10Be−p system. The
shaded area indicates the range of resonance energies and
widths compatible with the result given in Ref. [19].
nel. In the case of no strong final state interactions, we
obtained results that are in qualitative agreement with
Baye and Tursunov with remaining small differences that
can be explained by the different treatment of the final
state channel. Including a low-lying resonance using the
parameters given in Ref. [19] gives a partial decay rate in
agreement with experiment. Our model-independent cal-
culation supports the experimental finding of a low-lying
resonance but the experimentally measured branching ra-
tio could also be explained by a large negative scattering
length. Furthermore, we have explored the sensitivity of
the partial decay rate to the resonance energy and de-
cay width and found that this problem is fine tuned, i.e.
only selected combinations of width and resonance en-
ergy can reproduce the partial decay rate. In contrast
to the model calculation in Ref. [19], we included both,
Fermi and Gamow-Teller transitions. This is required to
reproduce the experimental rate. Our result implies that
11Be is not a good laboratory to detect dark neutron de-
cays since no exotic mechanism is needed to explain the
partial decay rate.
The uncertainties are largely determined by effective
range corrections, i.e. by higher order contributions of
the EFT expansion while uncertainties of the S-wave in-
put parameter (the one-neutron separation energy) do
not impact the total uncertainty significantly. There-
fore, we estimate the uncertainty in the final decay rate
to be approximately Rcore/Rhalo ≈ 40 %. Experimen-
tal data with higher precision could be used to constrain
the 10Be−n and 10Be−p interactions. It will be inter-
esting to test whether the inclusion of this resonance
changes the Halo EFT predictions for deuteron induced
neutron transfer reactions off 11Be which were investi-
gated in Ref. [27].
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